Damage repair mechanisms at transcriptionally active sites during the G0/G1 phase are largely unknown. To elucidate these mechanisms, we introduced genome site-specific oxidative DNA damage and determined the role of transcription in repair factor assembly. We find that KU and NBS1 are recruited to damage sites independent of transcription. However, assembly of RPA1, RAD51C, RAD51, and RAD52 at such sites is strictly governed by active transcription and requires both wild-type Cockayne syndrome protein B (CSB) function and the presence of RNA in the G0/G1 phase. We show that the ATPase activity of CSB is indispensable for loading and binding of the recombination factors. CSB counters radiation-induced DNA damage in both cells and zebrafish models. Taken together, our results have uncovered a novel, RNA-based recombination mechanism by which CSB protects genome stability from strand breaks at transcriptionally active sites and may provide insight into the clinical manifestations of Cockayne syndrome.
D
NA double strand breaks (DSBs) are a most severe type of DNA damage caused by endogenous metabolic processes and exogenous exposure to radiation and chemicals. Unrepaired DSBs induce genomic instability, carcinogenesis, and premature aging. In mammalian cells, DSBs are repaired by either the nonhomologous end joining (NHEJ) or the homologous recombination (HR) pathway. Although it is a common understanding that HR primarily takes place in response to strand breaks in the S-G2 phases of the cell cycle where the undamaged sister chromatids are present as donor templates, recent studies have suggested that homologous pairing also occurs during the G0/G1 phase and is associated with transcription (1), although the mechanisms remain to be elucidated. At active transcription sites, RNA polymerase II (RNA POLII) can bypass base modifications such as 8-oxo guanine but not single strand breaks (SSBs) and DSBs (2) (3) (4) (5) , indicating that unrepaired strand breaks at transcriptionally active (TA) sites can be especially deleterious and may lead to secondary damage.
The Cockayne syndrome B (CSB) gene is defective in approximately two-thirds of patients with Cockayne syndrome (CS), an autosomal recessive disease with diverse clinical signs including severe growth failure, progressive neurodegeneration, and hypersensitivity to sunlight. CSB has an established role in transcription-coupled nucleotide excision repair (TC-NER) of photo lesions. When RNA POLII is stalled at bulky lesions, CSB is loaded to facilitate NER of the transcribed strand (6, 7) . As noted, in addition to UV sensitivity, CS patients also manifest severe neurodegeneration (8, 9) , suggesting the importance of CS proteins in maintaining genome stability against a broad spectrum of DNA damage. For example, CSB-defective cells are also sensitive to ionizing radiation (IR) (10, 11) , which is phenotypically distinctive from classic NER deficiencies and indicates that CSB function is not limited to UV-derived photo lesions. In addition, CSB-deficient mice exhibit a subset of symptoms found in patients, primarily UVC sensitivity and susceptibility to skin cancer (12) . However, unlike human CSB patients, premature aging, growth failure, and neurologic dysfunction are present only in mild forms in mice. Therefore, the function of CSB in radiationinduced damage repair is unclear.
Given that CSB may be involved in strand break repair, it might regulate the repair pathway choice at DNA strand breaks. Recently, it was reported that CSB facilitates HR and represses NHEJ in S and G2-phase cells (13) . A member of the SNF2/SWI2 family of ATPases, CSB contains a central ATPase domain flanked by N-terminal and C-terminal regions. To understand the mechanism of CSB function in the repair of DNA strand breaks, we developed the damage at RNA transcription site (DART) approach. This approach allows reactive oxygen species (ROS)-induced DNA strand breaks to be created at a single defined genomic locus with either active or inactive transcription in real time. Here we show that the recombination proteins RAD51, RAD52, RPA1, and RAD51C are significantly enriched at damage sites where active transcription takes place in G1/G0 phase cells. Recruitment of the HR factors relies on CSB function. Consistently, transcription suppression sensitizes WT cells but not CSB-deficient cells to IR, indicating that CSB contributes to cell survival through active transcription-induced repair of DNA DSBs. The CSB-HR DNA repair pathway that we have identified in cells is also necessary for the normal development of zebrafish Significance Unrepaired DNA strand breaks at transcriptionally active sites are expected to be more deleterious than elsewhere in the genome because the integrity of the coding regions is likely to be compromised. The commonly recognized homologous recombination (HR) process occurs in the G2/M phase and depends on the presence of sister chromatids as a donor template. Our data demonstrate a Cockayne syndrome protein B-and RNA-dependent mechanism of transcription-associated HR in the G0/G1 phase and offer insight into double strand break repair at sites of active transcription. The data suggest that a deficiency in this repair mechanism might explain why neurodegeneration as well as tumorigenesis may be associated with seemingly stable, terminally differentiated (G0) cell populations.
upon DNA damage. Taken together, our results reveal a novel mechanism of transcription-associated HR.
Results

DNA Damage at Active Transcription Sites Induces Reversible
Transcription Inhibition. The KillerRed protein (KR) is a modified red fluorescent protein chromophore, which generates superoxide upon visible light irradiation (14, 15) . When positioned directly onto DNA, KR is capable of inflicting oxidative DNA damage and strand breaks after white fluorescent light excitation. We took advantage of the light-dependent damage inducibility of KR and developed the DART system as illustrated (Fig. 1A) to study molecular responses at a single genome locus with controllable transcription (16, 17) . A tandem tetracycline repressive element (TRE) array cassette was integrated at a defined genomic locus in U2OS TRE cells. A CMV promoter is located after the TRE repeats to allow the activation of transcription upon ectopical expression of the TRE-fusion proteins. When the U2OS TRE cells were exposed to a 10-20 min light exposure, the tet-repressor (tetR)-or tet-transcription activator (TA)-tagged KR proteins (tetR-KR or TA-KR) induced similar numbers of DSBs at transcriptionally inactive or active sites, respectively (Fig. 1A) (16) . We used tetR-cherry and TA-cherry fusion proteins as undamaging controls and to mark the site of TRE integration at tetR and TA, respectively.
Upon KR light activation, we analyzed the active form of RNA POLII by using the anti-RNA POLII CTD repeat YSPTSPS (phosphor S) antibody (4H8). U2OS TRE cells were transfected with TA-KR and exposed to light for 10 min for damage induction and then harvested at indicated postlight recovery times to quantify active transcription via 4H8 staining. We found that the intensity of the 4H8 focus at the sites of TA-KR exhibited drastic decay within 30 min and remained at near background level until 6 h postlight activation, reflecting the transcription suppression caused by DNA damage induced by TA-KR. Twenty-four hours after light activation, the intensity of the 4H8 focus recovered to 70% of the control (Fig. 1B and Fig. S1A ). This most likely indicates reactivation of transcription due to the repair and restoration of the damaged locus. Compared with the active form of RNA POLII, YFP-POLII maintained its presence at TA-KR over time, indicating that damage leads to dephosphorylation but not degradation of POLII (Fig. 1C) . To further verify the transcriptional recovery of the TRE cassette with or without DNA damage, we analyzed levels of the peroxisome signal tagged-CFP (CFP-SKL) signals in cytosol, which serves as a transcriptional readout of the TRE array. As expected, CFP-SKL expression was at similar levels in both TA-KR and TA-cherry cells before light induction (16, 18) . However, 4 h after light irradiation, CFP-SKL expression in TA-KR cells decreased dramatically and then recovered 24 h after damage induction ( Fig.  1D and Fig. S1B ). These observations suggest that the reversible transcription inhibition is a result of efficient repair processes at actively transcribed chromatin.
Preferential Enrichment of HR Factors at Transcriptionally Active Sites of DNA Damage. To examine DSB repair factors assembled at KRinduced strand breaks during active transcription, we measured the enrichment of NHEJ components and recombination proteins RPA1, RAD51, RAD52, and RAD51C, at both tetR-KR and TA-KR sites after light activation. The recruitment of NHEJ factors Ku70 and DNA Ligase IV is indistinguishable between tetR-KR and TA-KR sites regardless of transcription status ( Fig. 2A) . At the onset of DNA strand break formation, the MRN complex, along with BRCA1, BRCA2, and CtIP, is involved in the initial signal transduction and DNA end processing in early NHEJ and HR processes (19, 20) . NBS1, BRCA1, BRCA2, and CtIP are equally loaded to tetR-KR and TA-KR-mediated damage (Fig.  S2A ). Despite equivalent levels of initial damage at both tetR-KR and TA-KR loci, endogenous RAD51 is selectively recruited to DSBs at the sites of TA-KR (Fig. 2B) . TetR-cherry and TA-cherry fusion proteins were used as undamaged controls and to mark the site of TRE integration at tetR and TA, respectively. The absence of the HR proteins at sites of TA-cherry excludes the possibility that HR factor recruitment is caused by active transcription per se (Fig. 2B ). Preferential recruitment of GFP fusions of RPA1, RAD51C, and RAD52 was also observed at TA-KR sites but not at tetR-KR or tetR/TA-cherry sites after light exposure ( Fig. 2 C and D and Fig. S2B ). This was also seen in a second U2OS cell line (2-6-3) with a similar TRE copy number but a different chromosomal integration site (1p36) (18) (Fig. S2C) .
The transcription recovery 24-48 h after damage indicates the successful repair at the TA-KR site. To gain further understanding of how DNA damage is resolved, the kinetics of surrogate markers γH2AX and 53BP1 were monitored in real time. As shown in Fig.  2E , the kinetic profile of both γH2AX and 53BP1 foci resolution in U2OS-TRE cells exhibited a steady rate of decline, reflecting damage removal until 48 h after damage production at the transcriptionally active damaged genome locus. We next determined the kinetics of the recruitment of HR and NHEJ factors at TA-KR damaged sites. The focus intensities of RAD52, RAD51C, and RPA1 were retained at the DNA damage site for at least 24 h and gradually returned to basal levels between 48 and 72 h after light activation (Fig. 2F ). This kinetic signature correlates with the rate of damage removal (Fig. 2E ), temporally consistent with the notion that HR is involved in the repair of transcription-blocking oxidative damage. In contrast, KU proteins dissociated from TA-KR sites 30 min after damage induction but were present 8 h after damage induction at tetR-KR sites (Fig. S2D ). These observations confirm that the recruitment of HR factors at sites of TA-KR after damage is more persistent and prevalent than that of the NHEJ factors. Thus, HR proteins are preferentially recruited to active transcription sites upon DNA damage.
Recruitment of Recombinational Proteins at TA-KR Damaged Sites
Occurs During the G0/G1 Phase. HR is commonly perceived as occurring within late-S to G2 phases when sister chromatids are present. We observed, however, that more than 90% of the cell population exhibits HR factor loading at TA-KR damage sites in a confluent/G0 cell population (Fig. 2D) . Therefore, it is unlikely that transcription-and damage-induced recombination factor assembly at TA-KR damage sites is an S/G2 event. Consistently, we observed recruitment of RAD52 and RAD51C to the TA-KR damaged sites in the G1 and early S marker Cdt1-stained cells after light exposure (Fig. 3A) , suggesting that such recruitment does not only occur in late S and G2 phase cells. To further validate this observation, we tested cells synchronized to G1 via double thymidine block (Fig. S3A) . Similar to what we observed in the unsynchronized cell population, G0/G1 synchronization did not generate any detectable reduction in the percentages of RAD52 and RAD51C foci colocalizing with TA-KR (Fig. 3B) , showing that recruitment of HR factors at TA-KR damaged sites does not appear to be confined to the S-G2 phases. The average diameter (DIA) of TA-KR before and after damage was measured; Fig. S3B shows the array length was not significantly altered as a result of repair.
RNA Polymerase II Inhibition Affects the Recruitment of HR Factors.
To further confirm that transcription facilitates the recruitment of HR factors specifically to TA-KR damaged sites, we treated cells with RNA POLII inhibitors that inhibit transcriptional elongation (DRB) or both initiation and elongation (α-amanitin) ( Fig. 3 C and D) . Both DRB and α-amanitin treatment significantly diminished the recruitment of RAD52 and RAD51C at the site of TA-KR. In contrast, the ATM inhibitor KU55933 has no detectable effect on the recruitment of RAD52 and RAD51C to transcriptionally active damage sites. This result suggests that loss of ATM-mediated transcription silencing (21, 22) is not sufficient to alter the recruitment of HR factors (Fig. 3 C and D) , suggesting that unlike canonical HR repair, a factor distinct from the DNA damage signaling pathway is responsible for the assembly of HR factors at active transcription sites.
CSB Function Is Necessary for the Recruitment of Recombinational
Factors. The sensitivity of CSB-defective cells to oxidative DNA damage (10, 11) indicates that CSB deficiency is phenotypically distinct from classic NER deficiencies and indicates that CSB function is not limited to monoadduct lesions. Therefore, transcription blockage by DSBs may also elicit CSB function to recruit repair factors most suitable for strand break repair at actively transcribed regions.
We tested this hypothesis by analyzing the recruitment of HR proteins to TA-KR sites in cells devoid of CSB via siRNA inhibition (Fig. 3E) . In parallel, siRNAs for the NER/TC-NER factors XPA and XPC (which bind monoadduct lesions), XPG (which introduces a nick at a monoadduct lesion), and CSA (a CSB interacting protein at stalled transcription sites) were used as controls (Fig. 3E) . We found that only knockdown of CSB, but not any other NER and TC-NER factors, significantly diminished the recruitment of RAD52 or RAD51C. It has been shown that DRB and α-amanitin cause no appreciable changes in cell cycle profiles (23) . siCSB and RNA POLII inhibition, which inhibits the initiation or elongation of RNA POLII, did not alter the expression of RAD52, cell cycle profiles, or the localization of RNA POLII itself under our experimental conditions (Fig. S3 C-E). Thus, recruitment of HR factors to TA-KR damage sites is unlikely the result of cell cycle distribution or reduction of protein expression level. These results indicate that both active transcription and CSB are necessary for the enrichment of RAD52 and RAD51C at the site of TA-KR induced damage.
Recruitment of RAD52 at TA-KR Damage Sites Requires an RNA Template. Given that active transcription but not the presence of a sister chromatid is necessary for the recruitment of recombinational factors, the enrichment of recombinational proteins might be involved in transcript-RNA-templated DNA recombination repair machinery as shown in a recent study in yeast (1) . To evaluate the influence of RNA on the enrichment of repair factors, we used RNaseH to degrade synthesized RNA (24) after damage induction. The RNaseH treatment abolished the incorporation of RNA labeled by the uridine analog 5-ethynyluridine (EU) at TA-KR sites after light irradiation (Fig.  3F) , indicating that RNA has been digested from the DNA-RNA hybrid structure at TA-KR. With the same RNaseH treatment, the protein level of RAD52 was not affected (Fig. S3F) . The binding of the RAD51C complex to ssDNA and single-stranded gaps in duplex DNA in an early stage of recombinational repair (25) implies that the initial recruitment of RAD51C to damage might not be dependent on the presence of RNA. After damage induction following the RNaseH treatment, the localization of RAD52 dramatically decreased at TA-KR damage sites, but that of RAD51C did not (Fig. 3 F and G) , indicating that persistent localization of RAD52 foci at transcriptionally active damage sites requires the presence of an RNA template.
CSB Is Localized at TA-KR Damaged Sites and Interacts with RAD52 and RAD51C After Damage. Loss of CSB leads to IR sensitivity and attenuates HR protein recruitment. It is plausible that CSB functions upstream of HR factor assembly at the sites of DNA damage. Accordingly, we tested and found that CSB is also recruited to TA-KR damage sites, colocalizing precisely with RAD52 and RAD51C (Fig. 4 A and B) . The recruitment of CSB is further described in SI Results and Discussion (Fig. S4) . CSB enrichment was significantly diminished by RNA POLII inhibition (Fig. 4C) but not by depletion of HR factors RAD51, RAD52, and RAD51C (Fig. S4) .
Because CSB is localized to TA-KR damage sites and serves as a prerequisite for HR factor recruitment, we next tested whether HR protein recruitment is mediated by physical protein-protein interactions. To this end, 293 cells stably expressing GFP-RAD52 or RAD51C were treated or mock-treated with IR (5 Gy) and subjected to coimmunoprecipitation. We found that both RAD52 and RAD51C interact with either endogenous CSB (Fig. 4D ) or tagged CSB (Fig. 4E ) independently of DNA (Fig. S4F) after DNA damage. Furthermore, DRB or RNaseH treatment abolished the interaction between RAD51C, RAD52, and CSB (Fig. 4 D and F) . Collectively, these findings suggest that recruitment of HR proteins to damaged TA-KR sites is dependent on active transcription and their association with CSB. We also found that the C terminus of RAD51C is critical for its recruitment to transcriptionally active damage sites and its interaction with CSB (Fig. 4 G and H) . The C terminus of RAD52, but not the N-terminus DNA binding domain 4 . CSB localizes at TA-KR damage sites and interacts with RAD52 and RAD51C after DNA damage. (A) Recruitment of CSB at sites of TA-KR after damage. FLAG-CSB and TA-cherry/KR were cotransfected into U2OS TRE cells. Twenty-four hours later, cells were irradiated with light for 10 min followed by 30 min of incubation; the recruitment of CSB at TA-KR sites is shown with FLAG-antibody. (B) Colocalization of CSB, RAD52, or RAD51C at sites of TA-KR after damage. FLAG-CSB, GFP-RAD52/RAD51C, and TA-KR were cotransfected into U2OS TRE cells. Twenty-four hours later, cells were irradiated with light for 10 min followed by 30 min of incubation and stained with FLAG-antibody. (C) The average fold increase of FLAG-CSB at sites of TA-KR after damage (30 min postlight incubation after 10 min of light incubation) and after treatment with α-amanitin (100 μg/mL) for of RAD52, responds to TA-KR damage sites (Fig. 4G) , consistent with our observation that persistent localization of RAD52 foci at transcriptionally active damage sites requires the presence of an RNA template, further indicating the importance of the RNA template in facilitating repair processes at transcriptionally active damage sites.
The ATPase of CSB Is Necessary for Its Damage Response as Well as the Recruitment of RAD52/RAD51C. CSB harbors a seven helicaselike ATPase motif and a C-terminal ubiquitin-binding (UB) domain (Fig. 5A) . To further confirm the role of CSB in recruiting HR factors, we transfected full-length (FL) CSB, CSB aa 1-336, and CSB aa 337-1493 into siCSB pretreated cells. The N-terminus CSB aa 1-336 was unable to complement the recruitment of RAD52/RAD51C, whereas the C-terminus CSB aa 337-1493 containing the helicase and UB domains fully complemented RAD52 and RAD51C recruitment (Fig. 5 B and C) . To further elucidate the functional domain requirement of CSB in regulating the recruitment of HR factors, we expressed FL CSB, a CSB ATPasediminished mutant (K538R), and a CSB UB deletion (UBΔ, aa 1-1400) into CSB siRNA pretreated cells. As shown in Fig. 5 D and E, expression of the CSB K538R mutant failed to support the recruitment of RAD52, indicating that the ATPase function of CSB is essential for RAD52 recruitment. The CSB mutant lacking the UB domain complemented the recruitment of RAD52 to the same extent as FL CSB did. Furthermore, CSB UBΔ is recruited to damage sites of TA-KR as well as CSB FL (Fig. 5D and Fig.  S4G ). These results together indicate that the helicase activity is necessary and the region of CSB (aa 337-1493) is sufficient in recruiting HR proteins to TA-KR sites. Consistently, the C-terminus CSB aa 337-1493, but not the N-terminal CSB aa 1-337, interacts with the HR proteins as determined by reciprocal co-IP (Fig. 5F ). We also found that the CSB K538R mutant showed a slightly decreased interaction with RAD52, whereas the UBΔ mutant maintained its interaction with RAD52 (Fig. 5G) . Together, it appears that the ATPase domain but not the UB domain is essential for the recruitment of RAD52 to damage sites during active transcription.
CSB Function Is Important for Efficient Repair of DNA Strand Break
Damage at Active Transcription Sites. Recruitment of HR factors to DNA damage at transcriptionally active regions may constitute a potentially protective mechanism for countering DSBs. This mechanism seems to have a characteristic dependency on CSB function. Indeed, we observed that CSB suppression does lead to decreased HR efficiency as well as suppression of recombination factors but not NHEJ (Fig. S5A) , measured by the HR and NHEJ assays (26) . As such, cells devoid of CSB would be expected to exhibit resistance to transcription inhibition-mediated damage sensitization. We tested this premise by exposing the CSB null mutants UVS1KOSV (27) to the transcription inhibitor DRB and measured clonogenic survival against IR. As shown in Fig. 6A , CSB mutant cells complemented with HA-CSB are rendered more sensitive to IR, as are CSB-proficient HeLa cells and the XPA mutant (XP12RO) (Fig. S5B) , indicating that this is an NER-independent mechanism. In contrast, mock-complemented UVS1KOSV cells acquired no additional sensitivity to radiation damage when exposed to DRB (Fig. 6A) . We tested the sensitivity in another patient-derived cell line, CS1AN (28, 29) . Similar results were obtained in CS1AN cells (Fig. 6A) . These results suggest that CSB provides a significant function in countering radiation-induced DNA damage at actively transcribed regions of the genome, presumably through its role in transcription-associated recruitment of HR factors.
Next, we measured γH2AX and 53BP1 foci resolution at TA-KR sites in G0/G1 cells under the condition of FBS starvation, which prevents cell cycle progression. Our results (Fig. S5C , Left) show that these two surrogate markers' rate of decline is similar to that in unsynchronized cells (Fig. 2E) , indicating that CSB-mediated repair still occurs in G0/G1 cells. We also measured γH2AX and 53BP1 foci resolution at TA-KR sites in cells depleted of CSB and/or RAD52 and RAD51C. The induction of γH2AX53BP1 foci intensity at the onset of damage production was comparable among single, double, and triple knockdowns (Fig. S5C, Right) . RAD52 depletion resulted in a marked increase (20-45%) of cells showing strong residual levels of both γH2AX and 53BP1 48 h after the damage (Fig. 6B) . Concurrent double (CSB and RAD52, CSB and RAD51C) and triple knockdown (CSB, RAD52, and RAD51C) resulted in a similar percentage of cells with unrepaired residual DNA damage similar to that of the RAD52 knockdown (Fig. 6B) , suggesting that CSB, RAD52, and RAD51C function in the same mechanism and are required for efficient strand break repair at transcriptionally active damage sites.
CSB Deficiency Sensitizes Zebrafish Embryos to DNA Radiation Damage
During the Early Development Stage. To further substantiate the role of CSB function in radiation damage repair in vivo, we depleted CSB in zebrafish using antisense morpholino oligonucleotides (MO). CSB-MO and control scrambled-MO oligos were injected into 1-2 cell stage embryos and assessed for their morphologic aberrations defined by three levels: L1 embryos exhibited smaller heads; L2 exhibited hydrocephalus and curved tails; and L3 was the most severe with markedly malformed, shortened, and curved body axes. Seventy-two hours postfertilization (hpf), untreated CSB-MO embryos appeared to have moderately increased frequencies of morphologic aberrations (Fig. 6C) , which appear to recapitulate the congenital and developmental manifestations of CSB patients. CSB-deficient embryos showed a dramatic increase (∼23-fold) in morphologic aberrations when exposed to 5 Gy of IR (Fig. 6D) . This result indicates an indispensable role of CSB in countering radiation DNA damage.
To validate the developmental/morphological readouts at the molecular level and to visualize increased DNA DSBs, we analyzed γH2AX levels in both control-or CSB-MO-injected embryos (Fig. 6E ) and siCSB treated 293 cells (Fig. 6F) . We found that the loss of CSB alone slightly elevated basal γH2AX but substantially increased γH2AX levels after IR treatment (CSB-MO + IR) in embryos (Fig. 6E ) and human cells (Fig. 6F) . These results suggest that defective repair of radiation damage is a prevalent cause of radiation-induced embryonic aberrations, underscoring the function of CSB in repair of strand breaks.
Discussion
Cell Cycle Progression-Independent and RNA Template-Based HR at Transcriptionally Active Sites. Our study suggests a CSB-dependent and RNA-templated recombination mechanism of DSB repair at active transcription sites in a G0/G1 cell population. An overwhelming majority of somatic cells reside in the G1/G0 phase of the cell cycle, where canonical homologous recombination, relying strictly on the presence of sister chromatids during S phase, is unattainable. However, error-free protection of the somatic cellular genome from the mutagenic and/or deleterious effects of DSBs is vitally important in maintaining somatic cell functions and to prevent activation of oncogenes and unnecessary cell cycle reentry. Increasing evidence demonstrates that the recombination process is initiated and active during G0/G1. For example, homologous chromosomes indeed contact each other at IR-or endonuclease I-PpoI-induced DSB sites in human somatic cells. The chromosomal contact requires short homologous segments as well as formation of a DSB break occurring in an active gene. Furthermore, these contacts do not occur at I-PpoI sites when the DSB is introduced in an intergenic DNA sequence (30, 31) . Recently, it was reported that in all cell cycle phases, resection-dependent DSB repair pathways are required to resolve complex DSBs in the G1 phase (32) . We have observed that the recruitment of HR factors to TA-KR damage sites occurs during G0/G1 and an RNA-dependent localization of RAD52 at sites of damage (Fig. 3) . Although BRCA2 recruits RAD51 in S phase (33, 34) , the low abundance of BRCA2 during G1/G0 perhaps may render it insufficient for HR processing (20) . Therefore, alternative mechanisms may compensate BRCA2 function in the G0/G1 phase and/or as a backup for BRCA2 in S phase. Also, the absence of sister chromatids necessitates an alternative template(s) for high-fidelity repair of DSBs, which has recently been suggested in yeast (1) . In transcript RNA-templated DNA recombination and repair, both yeast and human RAD52 proteins have been shown to be necessary for catalyzing the annealing of RNA to a DSB-like DNA end (1), supporting our observations that the stable localization of RAD52 in transcription-dependent HR relies on the presence of RNA. How DSBs are channeled into the recombination process at active transcription sites in G0/G1 cells is further discussed in SI Results and Discussion.
The Role of CSB Is to Protect Genome Stability at Transcriptionally Active Damage Sites, Mediated by HR Machinery. We found that the recruitment of RPA, RAD51, RAD51C, and RAD52 to damage sites with active transcription is a downstream event of CSB function. This result suggests a CSB-mediated HR pathway. The fact that RNA POLII inhibitors sensitize CSB-proficient cells to IR, but not CSB-deficient cells (Fig. 6 ), indicates that CSB plays an important role in enabling cell survival by facilitating transcription-induced recombination during DNA damage repair. We have analyzed acetylation of histone H3 lysine 9 (AcK9H3) which is preferentially present at euchromatin and found that the intensity of AcK9H3 signals was not affected by DRB, α-amanitin, or CSB depletion (Fig. S5D) . These results indicate that the presence of active RNA POLII (Fig. 1) after damage might maintain the histone modification at sites of active transcription sites to provide an open chromatin structure and to allow the subsequent recruitment of repair proteins to sites of damage. The damage-induced physical interaction between CSB and RAD52/RAD51C (Figs. 4 and 5) raised the possibility that CSB may recruit HR factors to transcriptionally active damage sites. In addition to the interaction between CSB and components of the transcription machinery such as RNA POLII, the involvement of CSB in TC-NER relies on its interaction with NER factors (35, 36) , supporting the notion that CSB-mediated repair process may be modulated via pathway-specific interacting partners. Future studies are needed to identify functional mutant(s) which can distinguish the role of CSB in HR-associated strand break repair from UVC-induced damage.
The ATPase domain of CSB is critical in its response to transcriptionally active damage sites and to the recruitment of HR factors, as shown in Fig. 5 . It has been reported that CSB UBΔ becomes immobilized at UV lesions and impedes transcription reactivation (37, 38) . Although UBΔ CSB is efficiently recruited to damage sites, here we found that compared with FL CSB, it does not dissociate from damage sites 24 h post-light exposure (Fig. S4G) . Therefore, the UB domain of CSB is not required for the initial recruitment but is required for the dissociation of CSB from damage sites. CS1AN fibroblast cells possess a CSB allele with A to T transversions at nucleotide 1088, resulting in a stop codon at position 337 (39, 40) . N-terminus CSB 1-337 aa, which mimics the expression of CSB in the CS1AN fibroblast cells, did not respond to damage. Another CS gene, CSA, promotes the ubiquitination and subsequent proteasomal degradation of CSB (41) . siCSA did not affect HR factor recruitment to transcriptionally active damage sites in our study (Fig. 3F) . Because CSB degradation is essential for the recovery of RNA synthesis after transcription-coupled repair, the failed dissociation of CSB UBΔ raises the possibility that CSA may also have an important role in repair completion. DSB repair deficiencies are often linked to developmental abnormalities of the brain because nondividing cells do not possess sister chromatids for repair. Therefore, protecting genome stability at transcriptionally active sites and coding sequences in G0/G1 is critical for neurons. Our data have uncovered a mechanism by which HR factors are preferentially recruited to transcriptionally active DNA damage sites through protein-protein interactions with CSB and may subsequently facilitate recombinational repair of DNA damage at these chromosome domains (Fig. 7) . Premature aging, growth failure, and neurologic dysfunction are present only in mild forms in CSB −/− mice. This might be due to the transcriptional differences between rodent and human (42) . The phenotype of CSB-depleted zebrafish exhibiting severe developmental defects after DNA radiation damage possibly reflects the deficient repair of damage incurred at regions of active transcription critical in maintaining normal embryonic development and differentiation. Thus, the CSB-HR repair mechanism may be considered as a molecular basis for the developmental phenotypes and IR sensitivity observed in CS patients.
Materials and Methods
Cell Lines, Plasmids, and Microscopy. U2OS, Flp-in 293, CS1ANSV, and UVS1KOSV cells were cultured in DMEM with 10% (vol/vol) FBS at 37°C. pBROAD3 tetR-KR and pBROAD3 tetR-cherry and pBROAD3 TA-KR and pBROAD3 TA-cherry were constructed as previously described (16) . Other plasmids were described in SI Materials and Methods. siRNA and antibodies used in the study are shown in Tables S1 and S2, respectively. Olympus FV2000 confocal microscopy was used for imaging studies.
Zebrafish Study. Zebrafish (AB) were maintained as standards and described in SI Materials and Methods. All animal experiments were approved by and conducted in accordance with the guidelines established by the Institutional Animal Care and Use Committee at the University of Pittsburgh.
